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       One more little request -   GIVE US 12. 5 m long straight section (why not ?.. )
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Timing needs for nuclear resonant scattering

1) Spectral flux per pulse needs to be maximized.

2) There should be “adequate” time, i.e. one or preferably two lifetime between two 
consecutive bunches.

3) Bunch purity should be at the level of 10-10. 

4) Adjacent buckets to the main bucket should be clean at the same level.

5) Keep the current bunch structure of 24 bunches, introducing new injection components 
to clean up the adjacent buckets.

6) Introducing “beam scrapers” to address impurity issues developed during top-up.



Scientific scope of nuclear resonant scattering

– materials of current technological interest: 
– energy storage and conversion : Li-ion battery, skutterudites, clathrates, 

pnictides, multiferroics 

– proteins, enyzmes¨ 
– mechanism of metabolic and catalytic reactions 
– porphyrins, cubanes, bioinorganic mimics

– minerals: 
– crust, mantle, outer core, inner core 
– sound velocity, spin state, shear modulus under extreme conditions

– nanomaterials, 
– nanocatalysts, semiconductors, superconductors

– thin layers, multilayers
– buried layers, interfaces, wedges, terraces, magnetism & superconductivity

1) Measurement of hyperfine interaction parameters to extract valence and spin state, 
local atomic symmetry, and magnetization 
2) Measurement of thermodynamic and elastic properties of wide range of materials 
through the measurement of phonon excitation spectrum (NRVS). 



Mössbauer transitions in the periodic table

Transitions to ground state with a relatively low energy is what makes a nuclei a Mössbauer nuclei, 
because there is a finite probability of recoil-free absorption and emission



6

Nuclear Resonances excited with synchrotron radiation
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Nuclear Resonances excited with synchrotron radiation



Why limited number of isotopes ?
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• With Fe (3d-element), Sn, (semi-metal), Eu and Dy (Rare earth), and  Kr (Noble element) 
a diverse scientific program has already been created. 

Absorption cross-section, nuclear life time, and resonance energy must be suitable for a 
General User program with wide applicability

• Sb, Te, and Ge can be added in the future, if new resources, and undulators become 
available..
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Standard Time structure @ APS

1314

1 revolution=3.68 µsec =>1296 buckets
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log I
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delayed photons
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153 nsec0 

Detection of nuclear decay

exponential decay



Decay channels in Nuclear Resonance of 57Fe
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The basic difficulty of the Mössbauer experiments at a synchrotron

• Synchrotron is a pulsed source   +
- There is 106-107 photons/pulse/eV in 0.1 nsec

• With crystal monochromators, you can reduce the bandwidth 
   to “acceptable” levels   +

• There is a “cost” to monochromatization -  (5-50 %)  -

• Resonant/non-resonant ratio is still very large ;   1-to-108

  Resonant count rate : 10-2-10-1 ph/pulse, 104-105 ph/sec

• Currently, no efficient photon pulse 
  detector with nanosecond time resolution 
  with a dynamic range of 1010

• Many strategies are developed to mitigate
 “prompt” signal issue.
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Figure 8. The time spectra of (a) α-Fe, and (b) Fe3Al, obtained using polarizer/analyzer optics described
in figure 4. The solid lines are fits obtained by including the proper polarization geometry using the
CONUSS program, as described in [20]. This allows one to extract the internal hyperfine field strengths

and field distributions, as shown in the right-hand figure.

first application in nuclear resonant scattering was carried out at an undulator source [5]
on a storage ring that was not optimized for low emittance. The primary purpose of
the early measurements was to evaluate the efficiency of the polarization filtering,
determine the prompt/delayed ratio, and see how close to the origin of excitation the
nuclear resonant signal can be observed.

The experiments conducted at the NE3 beamline of the KEK-Accumulator ring
in 1994 are shown in figure 8. In these measurements the sample was placed at 90◦
to the photon propagation direction, and the external magnetic field was oriented to
be 45◦ to the σ and π directions [5]. The thickness of the Fe foil (95% 57Fe) was
10.6 µm, yielding an effective bandpass of 36Γ◦. The ratio of nonresonant, prompt, to
resonant, delayed photons was 0.62. The Fe3Al foil was 10 µm, and it was similarly
enriched. The avalanche photodiode detector used in these measurements had a time
resolution of 0.7 ns. The total count rate was 18 Hz in a time window of 2–500 ns.
Similar measurements were also carried out at ESRF by Siddons et al. [6], where they

��������	���
���

��
���
����	���

��������
���
�������

� 4
�
���
������
��
�

� ��
�����
��
��
�������5����������������

������
��

• �����������	
�������������
�������
��
�����
� +���
��6��������
�7��
���

• �����������	
������
�������	��������
	
� /���
����������

• ����������
���������������	
��
� 8����
���������1�����������(8�1*

• ��������������������
��	
���������

�����	�	���
���
�
����	0�<����
������	�6
��	���$%$%��""�&��!�""'#

��79�
��
�������������
�����

���
�������������������
�
������������������

��7�������
������
�������
�

��>�������������?�@�A������
���������
��

VII-1 E.E. Alp et al. / Polarizer–analyzer optics 59

Figure 7. Magnetic nuclear level splitting for the 14.413 keV transition of 57Fe. This situation presents
a special case of unidirectional symmetry.

where ρ is the area density of resonant nuclei in the direction of s, σN is the nuclear
resonant cross section, and F is the Lamb–Mössbauer factor. The sum is over all
sublevels of nuclear ground and excited states. The function zmm′ = 2!(ωmm′ −ω)/Γ
depends on the energy difference between excited and ground states !ωmm′ and the
nuclear level width Γ. The weight of each resonance at !ωmm′ is given by the second-
rank tensor Wmm′ . The weights are normalized by

∑
mm′ Wmm′ = 1. We now focus

on the study of the 14.413 keV transition of 57Fe. In figure 7, a schematic of the nuclear
ground and excited states is shown for a case of unidirectional symmetry induced by a
magnetic field. For this case of pure magnetic hyperfine interactions, the weights take
the simple form

Wm,m+M (s) =
8π
3
C2(II ′1;mm + M

)
Y(0)1M (s)⊗ Y

(0)∗
1M (s), (4.14)

where I , I ′ are spin quantum numbers of nuclear ground and excited states, Y(0)1M gives
the vector spherical harmonic representing the M1 multipole transition of 57Fe, and
C(. . .) are Clebsch–Gordan coefficients in the notation of Rose [21]. The representation
of the weight tensors in the previously chosen basis {pσ,pπ, s} is now easily calculated
from the vector spherical harmonics:

Y(0)11 (s)=
√

3
16π

{
pσ(− cosϕ + i sinϕ cos θ)− pπ(sinϕ + i cosϕ cos θ)

}
,

Y(0)10 (s)= i
√
3
8π
sin θ{pσ sinϕ− pπ cosϕ}, (4.15)

Y(0)1,−1(s)=
√

3
16π

{
pσ(− cosϕ cos θ + i sinϕ)− pπ(sinϕ cos θ + i cosϕ)

}
,

Mitigating the prompt: Polarizer/Analyzer optics

Horizontal diffraction 
requires collimation
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Table 2
Performance characteristics of channel-cut polarizers using ΘB ≈ 45◦ Bragg reflections in

silicon/germanium at selected Mössbauer transition energies.

Isotope Energy τ1/2 Crystal ΘB Δθa
∫
R2

σ dθ δo
(keV) (ns) reflection (deg.) (µrad) (µrad)

181Ta 6.215 6800 Si(4 0 0) 47.28 142.0 59.8 5.5× 10−4
Ge(4 0 0) 44.88 318.0 126.2 4.8× 10−9

169Tm 8.410 4.0 Si(3 3 3) 44.85 44.4 19.0 1.2× 10−8
83Kr 9.410 147 Si(5 3 1) 45.86 31.2 14.1 1.5× 10−5
57Fe 14.413 97.8 Si(8 4 0) 45.10 10.2 6.1 1.0× 10−8
151Eu 21.532 9.7 Ge(8 8 8) 44.87 0.78 0.15 1.7× 10−9

Si(12 4 4) 44.69 0.31 0.26 9.1× 10−6
149Sm 22.494 7.1 Ge(11 9 3) 45.07 0.55 0.05 6.0× 10−11

Si(8 8 8) 44.68 0.25 0.21 9.7× 10−6
119Sn 23.878 17.8 Ge(15 3 1) 44.73 0.35 0.03 1.6× 10−8

Si(12 6 6) 44.63 0.19 0.16 1.5× 10−5

a The first four energies have the same crystal asymmetry factor; the angle between incident
beam and crystal surface is 2◦. The crystal reflections at the higher energies (>20 keV) are
symmetrically cut.

whether Si, Ge, diamond, or saphhire, depends on the availability of high quality single
crystals with negligible mosaicity or lattice space uniformity over several extinction
depths perpendicular to the crystal planes and over the beam footprint on the crystal.
A summary of such choices was described by Toellner and others [5]. In table 2 we
present a simpler version for those Mössbauer isotopes in the range that is of current
interest to us.

3. Source characteristics

Efficient operation of polarizer–analyzer optics requires that the incident beam
divergence should be comparable to the angular acceptance of the crystals. The angular
acceptance (the width of the reflectivity curves given in figure 2) can be manipulated to
a certain extent by cutting the crystals asymmetrically, as we have seen in the previous
section as well as elsewhere in this book [11]. Similarly, the characteristics of the
incident beam can also be manipulated to a certain degree, even though this would
require changes in the accelerator parameters and in the undulator periodicity.

The divergences of the X-rays for current synchrotron radiation sources are given
by Mühlhaupt and Rüffer [18]. The angular divergence of the incident radiation has
two contributions: the particle (i.e., electron or positron) beam divergence σ′

x,y and
the photon divergence for X-rays emitted from the undulator in the cone of the first
or third harmonic, σ′

r. Here, the quantities related to divergence are indicated with a
prime. The particle and radiative divergences can be added in quadrature to calculate

Polarizer/Analyzer optics: Is it “universal” ?
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J. Synchrotron Radiation (2010)

Mitigating the prompt: Fast shutter
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Bunch Purity
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How many electrons can we actually see ?

! 1 Ampere = 1 Coulomb/sec = 6.24•1018 electron/sec
! 1 bunch at 5 mA has 1.15•1011 electrons
! Photon flux = 1010 Hz/1meV,  i.e 5•108 Hz/bunch/meV
! APD noise  ~ 0.01 Hz => 1 part in 1010 purity ideal
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1. Upcoming scientific applications : Battery materials
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1. Upcoming scientific applications : Battery materials
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Mössbauer Microscope at 3-ID-B

E=14.4 keV

dE = 1.1 eV

dE = 1 meV

C (111)

N
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φ =10 µm
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Fe3+ Pyroxene? 
QS = 0.5 mm/s 

Iron oxide 
H = 53 Tesla 
QS = 0.8 mm/s 

Troilite 
H = 31 Tesla 
QS = 0.3 mm/s 

Olivine 
QS = 2.9 mm/s 

Kamacite!
H = 33 Tesla!
QS = 0.2 mm/s! Optical image SMS image 

Estacado 

Allende 

Brahin 

mm!

mm!



Battery materials

27

1. Upcoming scientific applications : Unusual oxidation states

Small variations in 
quadrupole splitting and 
isomer shift can only be 
observed when there is  
sufficient time between the 
bunches.

! Na0.5FeO2!
Na+counter!
electrode!
T!=!Room!Temp!
Fe!+3!
Isomer!=!0.334!
Quad!=!0.778!
Width!=!0.464!
Area!=!59.8!%!

Fe!+4!
Isomer!=!+0.00187!
Quad!=!0.610!
Width!=!0.416!
Area!=!40.2!%!

R2C9!
Na!electrode!
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Fe3+, octahedral

Fe2+, tetrahedral

Fe2+, octahedral

Fe2+, cubic

Fe3+, tetrahedral

M. Darby Dyar, et al, Ann. Rev. Earth. Planet. Sci, 34 (2006) 83

KFe3+3(OH)6(SO4)2

(Mg,Fe)2SiO4

Fe2+Al2Si3O12

(K,Na)(Al,Mg,Fe)2(Si,Al)4O10(OH)2

Fe2Al9(SiO4)4(O,OH)2



Volume 33, Number 1

Current analysis was performed on 71,,01.0 data records related to 57Fc Milsshntrer: isotope out of
10S,0S2 total íecords in the MEDC database. To avoid possible ambiguity tlre dntn $et was reduced
to íZ,BB4 records corresponding to single component spectra (a single set of lsot'ltcr Shift IS and
Quaárupole Splitting aS). A sribset of ãata wai then eitracted using a keyeode * PXI (ino_rganic
oxides).'this subsetïus further reduced to room temperature measurerye.fl$ only and Isomer
Shift rásults explicitly referenced to a-Fe. The final setbf 702 data records (IS and QS values) is
shown on a chart and in a table below.
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Why isomer shift & quadrupole splitting is used for valence identification in Mössbauer 

Spectroscopy ? 



What does Mossbauer spectroscopy measure ?

°! isomer shift: 
! ! s-electron density on the nucleus
! ! related to bonding and valence

°! quadrupole splitting: 
! ! Electric field gradient on the nucleus 
! ! related to deviations from cubic symmetry & ligands
°! magnetic hyperfine splitting: 
! ! internal magnetic hyperfine field
! ! related to spin state and long-range order
°! Lamb-Mossbauer factor: 
! ! recoil-free fraction of the absorption-emission
! ! related to lattice dynamics & bonding strength



What does nuclear resonant vibrational spectroscopy measure?

°! phonon density of states
– force constant, 
– Debye sound velocity, longitudinal and shear velocity
– vibrational specific heat and free energy, 
– shear modulus, 
– recoil-free fraction (i.e. Lamb-Mössbauer factor), 

°! kinetics of reactions
! ! minutes or seconds

°! extreme conditions
! ! high pressure, monolayers, buried layers, etc…
°! spatially resolved spectromicroscopy



high pressure applications



high pressure applications 57Fe

a few micron
focal spot
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with$an$abundance$of$11%$and$a$QS$of$1.82$mm/s,$is$much$less$
abundant$than$doublet$2,$with$an$abundance$of$74%$and$a$QS$of$
1.54$mm/s.$These$two$doublets$account$for$~75–80%$abundance$
of$all$iron$sites.
It$should$be$noted$that$ the$QS$of$ the$iron$site$arises$from$

the$ interaction$ between$ the$ nuclear$ quadrupole$moment$ and$
the$nonQspherical$component$of$the$electronic$charge$distribuQ
tion$described$by$its$effective$electricQfield$gradient$(EFG)$in$a$
simplified$model$(Maddock$1997[$Dyar$et$al.$2006).$In$general,$
the$ electricQfield$ gradient$ in$ the$ vicinity$ of$ the$ 57Fe$ nucleus$
can$be$attributed$to$a$lattice$contribution$from$the$crystal$field$
produced$by$the$surrounding$ions$and$an$electronic$contribution$
from$the$nonQspherical$charge$distribution$of$the$electron$shell$
surrounding$ the$ nucleus$ (Maddock$ 1997[$Dyar$ et$ al.$ 2006).$
That$is,$the$conversion$of$doublet$2$to$doublet$1,$as$a$function$
of$ pressure,$ can$ be$ attributed$ to$ the$ pressureQinduced$ lattice$
distortion$and$enhanced$effective$electricQfield$gradient$in$the$
A$site$of$the$highQspin$Fe2+$(McCammon$et$al.$2008)$(Figs.$4$
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FIGURE! 3.$ Representative$ synchrotron$Mössbauer$ spectra$ of$
(Mg0.9,Fe0.1)SiO3$ silicate$ perovskite$ at$ high$pressures.$Corresponding$
������� ������
� �
����
��� ����� �������� 
��� ������ ��� ���� �������
�����
(blue$lines).$Red$dots:$experimental$SMS$spectra[$black$lines:$modeled$
������
��	���������
���������������������������������
������������
�����
GPa,$whereas$a$fourQdoublet$model$was$used$starting$at$24$GPa.$The$
derived$QS$values$are$plotted$in$Figure$4.$(Color$online.)

FIGURE!4.$Derived$quadrupole$splitting$(QS)$of$iron$in$(Mg0.9,Fe0.1)
SiO3$silicate$perovskite$at$high$pressures$and$300$K.$(Color$online.)

FIGURE!5.$Relative$doublet$abundances$of$iron$in$perovskite$at$high$
pressures$ and$300$K.$Doublets$1$ and$2$ are$ assigned$ to$be$highQspin$
Fe2+$in$the$A$site.$Curves$associated$with$these$doublets$are$shown$to$
allow$readers$to$follow$their$trends.$Doublet$3$represents$Fe3+,$which$
undergoes$a$highQspin$to$lowQspin$transition$at$~13–24$GPa,$whereas$
doublet$ 4$ represents$ residual,$ untransformed$highQspin$Fe3+$ in$ the$A$
site.$(Color$online.)

and$5).$On$the$other$hand,$the$QS$and$the$20–25%$abundance$of$
the$doublet$3$assigned$to$the$highQspin$Fe3+$are$not$affected$by$
increasing$pressure$up$to$13$GPa,$but$start$to$change$dramatiQ
cally$above$13–18$GPa$(Figs.$4$and$5).$We$note$that$highQspin$
Fe3+$is$known$to$exhibit$very$low$QS$compared$to$Fe2+$because$
all$five$3d$electrons$are$unpaired$and$form$relatively$spherical$
electronic$orbitals.$Since$highQspin$Fe3+$shows$very$low$QS$in$
both$the$A$and$B$sites$(Fig.$6),$it$is$rather$difficult$to$distinguish$
its$coordination$from$the$QS$values$alone.
We$have$used$a$fourQdoublet$model$to$adequately$explain$the$

spectral$features$starting$at$24$GPa.$The$increase$in$abundance$of$
doublet$1$with$a$QS$of$3.8–4.1$mm/s$is$associated$with$decreasQ
ing$abundance$of$doublet$2$with$a$QS$of$3.0–3.1$mm/s$above$
13–18$GPa$(Figs.$4$and$5).$Although$further$increasing$pressure$
appears$to$have$a$minimum$effect$on$increasing$the$QS$values,$
the$abundance$of$doublet$1$increases$with$pressure$concurrently$
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Electronic*spin*states*of*ferric*and*ferrous*iron*in*the*lower3mantle*silicate*perovskite
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ABSTRACT
The2electronic2spin2and2valence2states2of2iron2in2lower#mantle2silicate2perovskite2have2been2previ#

ously2investigated2at2high2pressures2using2various2experimental2and2theoretical2techniques.2However,2
experimental2results2and2their2 interpretation2remain2highly2debated.2Here2we2have2studied2a2well#
characterized2silicate2perovskite2starting2sample2[(Mg0.9,Fe0.1)SiO3]2in2a2chemically2inert2Ne2pressure2
medium2at2pressures2up2to21202GPa2using2synchrotron2Mössbauer2spectra.2Analyses2of2the2Mössbauer2
spectra2explicitly2show2a2high#spin2to2low#spin2transition2of2the2octahedral#site2Fe3+2occurring2at2~13–242
GPa,2as2evidenced2from2a2significant2increase2in2the2hyperfine2quadrupole2splitting.2Two2quadrupole2
doublets2of2the2A#site2Fe2+,2with2extremely2high#QS2values2of24.12and23.12mm/s,2occur2simultane#
ously2with2the2spin2transition2of2the2octahedral#site2Fe3+2and2continue2to2develop2to21202GPa.2It2is2
conceivable2that2the2spin#pairing2transition2of2the2octahedral#site2Fe3+2causes2a2volume2reduction2and2
a2change2in2the2local2atomic#site2configurations2that2result2in2a2significant2increase2of2the2quadrupole2
splitting2in2the2dodecahedral#site2Fe2+2at213–242GPa.2Our2results2here2provide2a2coherent2explanation2
for2recent2experimental2and2theoretical2results2on2the2spin2and2valence2states2of2iron2in2perovskite,2
and2assist2in2comprehending2the2effects2of2the2spin2and2valence2states2of2iron2on2the2properties2of2the2
lower#mantle2minerals.
Keywords:2 Silicate2perovskite,2 diamond#anvil2 cell,2 spin2 transition,2 lower2mantle,2 synchrotron2

Mössbauer2spectroscopy,2high2pressures

INTRODUCTION
Magnesium2silicate2perovskite2(MgSiO3),2with25–102mol%2

Fe2and2Al,2is2the2most2abundant2silicate2phase2in2Earth’s2lower2
mantle,2existing2from26602km2in2depth2to2several2hundred2kilome#
ters2above2the2core#mantle2boundary2(Ringwood21982).2The2pres#
ence2of2the2transition#metal2iron2in2lower#mantle2perovskite2can2
affect2a2broad2spectrum2of2the2material’s2physical2and2chemical2
propertiesl2thus,2knowing2the2exact2electronic2spin2and2valence2
states2 of2 iron2 in2 perovskite2 at2 relevant2 pressure#temperature2
conditions2is2of2great2interest2to2deep#Earth2research2(e.g.,2see2
reviews2by2McCammon21997,22006l2Li22007l2Lin2and2Tsuchiya2
2008).2 Previous2 experimental2 and2 theoretical2 studies2 suggest2
that2 iron2 in2perovskite2exists2 in2both2Fe2+2and2Fe3+2 states2and2
can2possibly2occupy2one2of2two2crystallographic2sites,2the2large2
pseudo#dodecahedral2Mg2site2(the2A2site)2or2the2small2octahedral2
Si2site2(the2B2site)2(e.g.,2McCammon22006l2Hsu2et2al.22010,22011).2
Current2 consensus2 on2 the2 site2 occupancy2 is2 that2Fe2+2mainly2
substitutes2for2Mg2in2the2A2site,2whereas2Fe3+2occupies2both2the2
B2and2A2sites.2The2abundance2of2Fe3+2in2the2A2and2B2sites2appears2
to2depend2on2the2Al2content2of2perovskite.2Previous2studies2have2
shown2that2both2Fe2+2and2Fe3+2in2perovskite2exist2in2the2high#spin2
state2under2ambient2conditions2(e.g.,2McCammon22006).
Recently,2electronic2spin2states2of2Fe2+2and2Fe3+2 in2silicate2

perovskite2 have2 been2 extensively2 studied2 using2 synchrotron2
Mössbauer2spectroscopy2(SMS),2X#ray2emission2spectroscopy2
(XES),2X#ray2 absorption2 near#edge2 spectroscopy2 (XANES),2
and2by2theoretical2calculation2(e.g.,2Badro2et2al.22004l2J.2Li2et2
al.22004,22006l2J.2Li22007l2Jackson2et2al.22005l2L.2Li2et2al.22005l2
Zhang2and2Oganov22006l2Stackhouse2et2al.22007l2Bengtson2et2
al.22008,22009l2Lin2et2al.22008l2McCammon2et2al.22008,22010l2
Grocholski2et2al.22009l2Narygina2et2al.22009,22010l2Caracas2et2
al.22010l2Catalli2et2al.22010l2Hsu2et2al.22010,22011l2Umemoto2et2
al.22010).2The2interpretation2of2these2results2has2been2quite2scat#
tered,2although2there2exists2a2general2trend2in2most2Mössbauer2
studies—both2experimental2and2theoretical2studies2have2reported2
dominant2 spectral2 features2with2 extremely2 high#quadrupole2
splitting2(QS)2values2of2Fe2+2(as2high2as2�4.42mm/s)2at2above2
~302GPa2 (e.g.,2 Jackson2 et2 al.2 2005l2McCammon2et2 al.2 2008l2
Hsu2et2al.22010,22011l2Bengtson2et2al.22009).2Combined2with2
previous2XES2analyses2for2the2total2spin2momentum2of2iron2in2
perovskite2(Badro2et2al.22004l2Li2et2al.22004),2the2A#site2Fe2+2with2
the2extremely2high2QS2and2relatively2high2chemical2shift2(CS)2
has2been2interpreted2as2an2occurrence2of2the2intermediate#spin2
Fe2+2with2a2total2spin2momentum2of2one2(S2=21)2(McCammon2
et2al.22008,22010l2Narygina2et2al.22010).2That2is,2a2high#spin2to2
intermediate#spin2crossover2occurs2in2perovskite2at2around2302
GPa,2and2 the2 intermediate#spin2Fe2+2 is2predominant2 in2 lower#
mantle2perovskite.2The2extremely2high#QS2values2of2Fe2+2have2*2E#mail:2afu@jsg.utexas.edu
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FIG. 3. (Color online) Representative (a) x-ray diffraction and
(b) Fe-Kβ x-ray emission patterns of Fe2O3 at high pressures.
X-ray diffraction spectra confirmed the structural transition from the
corundum-type to the Rh2O3(II)-type phase at high pressures. The
intensity of the satellite Kβ

′ peak can be used to understand the elec-
tronic spin pairing and metallization in Fe2O3. Its intensity remains
similar across the structural transition but reduces significantly at
higher pressures.

It has also been demonstrated that the Debye sound velocity
(VD) measured in NRIXS corresponds to the VD of the whole
matrix (not the Fe atoms alone).28 That is, the projected DOS
of Fe represents the total PDOS of Fe2O3 in the low-frequency
region. For this reason the extraction of the long wavelength
properties of the Fe2O3 from just the Fe-partial DOS is thus in
principle valid.

The characteristic temperature or Lamb-Mössbauer tem-
perature (TLM) in Fig. 2 is defined as

1
TLM

= kB

∫
2ERecoil

E2
g(E) dE,

where kB is the Boltzmann’s contant, Erecoil is the recoil
energy for 57Fe nucleus (1.96 meV), and g(E) is the par-
tial PDOS. The recoil-free fraction, commonly known as
Lamb-Mössbauer factor (fLM), is related to the characteris-
tic temperature, or Lamb-Mössbauer temperature (TLM), as
follows:

− ln fLM(T ) = T

TLM
= k2

0〈x2〉,

where k0 is the momentum of the photons with 14.412 keV,
which equals to 7.3 Å, and 〈x2〉 is the average displacement.
One can also relate TLM to the Debye temperature as

(a)
(b)

Time (ns)

FIG. 4. (Color online) (a) Representative synchrotron Mössbauer spectra of Fe2O3 at high pressures. Corresponding energy spectra
calculated from the fits are shown in the right panels. Red dots: experimental SMS spectra; black lines: modeled spectra. (b) Analyzed
hyperfine parameters and percentage of the magnetic phase in high-pressure Fe2O3. Up to 55 GPa the only spectral component is that of the
low-pressure magnetic phase characterized by the hyperfine field of 51 T, a typical value of the hyperfine field for ionic ferric-oxide bonding.
A NM quadrupole-splitting component emerges at approximately 55 GPa, which we assigned as the high-pressure component, coexisting with
the low-pressure magnetic-split component. The relative abundance of the low-pressure component continues to decrease until the magnetic
collapse is completed at around 75 GPa. We note that the hyperfine field of the magnetic component is slightly reduced by about 10% within
the transition.
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Phonon density of states of Fe2O3 across high-pressure structural and electronic transitions
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High-pressure phonon density of states (PDOS) of Fe2O3 across structural and electronic transitions has been
investigated by nuclear resonant inelastic x-ray scattering (NRIXS) and first-principles calculations together
with synchrotron Mössbauer, x-ray diffraction, and x-ray emission spectroscopies. Drastic changes in elastic,
thermodynamic, and vibrational properties of Fe2O3 occur across the Rh2O3(II)-type structural transition at
40–50 GPa, whereas the Mott insulator-metal transition occurring after the structural transition only causes
nominal changes in the properties of the Fe2O3. The observed anomalous mode-softening behavior of the elastic
constants is associated with the structural transition at 40–50 GPa, leading to substantial changes in the Debye-like
part of the PDOS in the terahertz acoustic phonons. Our experimental and theoretical studies provide new insights
into the effects of the structural and electronic transitions in the transition-metal oxide (TMO) compounds.

DOI: 10.1103/PhysRevB.84.064424 PACS number(s): 63.20.dd, 61.50.Ks, 71.20.Be, 72.80.Ga

I. INTRODUCTION

Hematite (Fe2O3), an antiferromagnetic insulator under
ambient conditions, is regarded as an archetypal Mott insulator
for the trivalent transition-metal oxides (TMOs), the majority
of which crystallize in the corundum-type structure.1,2 Since
iron is the most abundant transition metal in the Earth,
hematite as an end-member ferric iron (Fe3+) oxide is also
an important proxy for characterizing the oxidation state,
geomagnetism, and geochemistry of the planet’s interior.3–5

Recent multidisciplinary studies have shown that hematite
undergoes a number of transitions under high pressures
including structural, insulator-metal, magnetic collapse, and
electronic spin-pairing transitions.5–18 Of particular interest is
the pressure-induced Mott insulator-metal transition with the
breakdown of the strong electronic d-d correlation and closure
of the Mott-Hubbard d-d band gap, resulting in a metallic phase
with zero moment at approximately 50 GPa.1,10–12,18 Although
the Mott transition was first proposed to occur concurrently
with the Rh2O3(II)-type structural and electronic transition,
effectively decreasing the Fe3+ radius and the unit cell volume
in the shift to the low-spin paramagnetic state, the metallic
state is reported to occur in the Rh2O3(II)-type phase.5–18 This
observation calls for further understanding on the interplay
and associated effects between the structural, electronic, and
magnetic transitions in Fe2O3 at high pressures.

Electronic and structural transitions in the TMOs have
been recently found to significantly affect their physical and
chemical properties under high pressures.19–25 Specifically,
the electronic spin-pairing transition of iron in ferropericlase
((Mg,Fe)O), an abundant mineral in the Earth’s lower mantle,
is found to result in changes in density, some of the elastic
constants, and transport and rheological properties, which in
turn affect a broad spectrum of geophysical, geochemical, and
geodynamic implications of the deep Earth.22–24 Furthermore,
recent studies in the TMOs under high pressures also show
anomalous softening in elasticity as a result of the strong

phonon-magnon coupling, leading to substantial changes in the
Debye-like part of the phonon density of states (PDOS).19,20

Understanding the high-pressure PDOS behavior of hematite is
particularly interesting because of the multiple aforementioned
transitions and their potential couplings. Yet, the effects of
these transitions on elastic, thermodynamic, and vibrational
properties of Fe2O3 remain largely lacking. Here we have
measured the partial PDOS of iron in Fe2O3 by nuclear
resonant inelastic x-ray scattering (NRIXS) up to 85 GPa
in a diamond anvil cell (DAC). NRIXS is a relatively new
synchrotron technique that has been successfully applied
to study lattice dynamics of 57Fe-containing compounds
under extreme pressures and temperatures.25–28 Together with
first-principles theoretical calculations, the PDOS are used
to characterize the behavior of Fe2O3 across the structural
and electronic transitions. We observed significant softening
in the elastic properties as well as other major changes in
thermodynamic and vibrational properties of Fe2O3 between
40 and 50 GPa, which are attributed to the structural transition
in hematite. The magnetic collapse is reported to occur in the
Rh2O3(II) phase between 55 GPa and 75 GPa, causing only
nominal changes in the PDOS of the Fe2O3.

II. EXPERIMENTAL DETAILS

57Fe-enriched Fe2O3 (>95% enrichment) was purchased
from the Cambridge Isotope Laboratories, Inc., and was
characterized for its crystal structure and chemical compo-
sition by x-ray diffraction and electron-microprobe analyses,
respectively. Samples measuring approximately 25-µm thick
and 40-µm wide were loaded into DACs with 300-µm-flat
culets or beveled diamonds (150 µm in the inner culets and
300 µm in the outer culets) with Be gaskets of 3 mm in diam-
eter and cubic BN-gasket inserts. Pressures were determined
from the ruby spheres in the sample chamber using the ruby
fluorescence scale.29 High-pressure NRIXS experiments were
conducted at sector 3 of the Advanced Photon Source, Argonne

064424-11098-0121/2011/84(6)/064424(7) ©2011 American Physical Society
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Timing needs for nuclear resonant scattering

1) Spectral flux per pulse needs to be maximized.

2) There should be “adequate” time, i.e. one or preferably two lifetime between two 
consecutive bunches.

3) Bunch purity should be at the level of 10-10. 

4) Adjacent buckets to the main bucket should be clean at the same level.

5) Keep the current bunch structure of 24 bunches, introducing new injection components 
to clean up the adjacent buckets.

6) Introducing “beam scrapers” to address impurity issues developed during top-up.
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Pressure induced valence transition in EuO: something new?
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Thank you ....



C. L’abbé, et al,  Phys. Rev. Lett. 93 (2004) 037201

Nuclear resonant magnetometry with circularly
 polarized x-rays



C. L’abbé, et al,  Phys. Rev. Lett. 93 (2004) 037201
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All Fe layers

Central Fe layer

Angle between central 
and outer layer 
magnetization vectors

C. L’abbé, et al,  Phys. Rev. Lett. 93 (2004) 037201

Synchrotron Mössbauer Spectroscopy
with circularly polarized x-rays is used
to measure the sign of the magnetization
vector in a buried multilayer system.

The interlayer coupling of the Fe/Cr
magnetic moments depend on the Cr
layer thickness, and it can be
NON-LINEAR, in addition to the known
parallel, anti-parallel, or perpendicular
couplings.  

By using the isotope slectivity, we can
study the interlayer coupling of the 
central 57Fe layer distinctly separated 
fromthe rest of the 56Fe layers
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Pressure induced valence transition in EuO: something new?
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Mixed-valency in f-electron systems occurs when otherwise localized f-orbitals of Rare-Earth or Actinide 
elements hybridize with delocalized s,p, or d electrons. This novel reentrant  valence transition in Eu ions at 
higher pressures into a lower valence state is cocurrent with a 7% volume collapse. The results call for revisiting 
the literature on mixed-valent f-electron systems where electronic valence is inferred from structural data alone. 
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Rare earths can display mixed valence states in 
the same compound. Lanthanide atoms are 
trivalent, except Eu and Yb, which are divalent 
as elemental metals. 

If they remain divalent is dictated by the relative 
stability of their half-filled 4f orbitals. 

Eu is 40–50% larger than other lanthanides, and 
it is highly compressible. Hence,  the application 
of pressure would prompt Eu to become trivalent 
whereby one 4f electron would be promoted into 
the conduction band. 

We demonstrate the discrepancy between the 
results obtained from bond-valence model and 
the direct measurements of the valence state of 
EuO. We also demonstrate that Eu-metal 
remains nearly divalent to the highest pressures 
reached.
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14.4  keV

Proposed by Stan Ruby at Argonne, in 1974, it took 10 years to pump 14.4 keV level of 57Fe 
(DESY) and another 10 years to realize phonon measurements (Argonne-KEK).  

time (nsec)
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Time-domain 
Mössbauer spectroscopy
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phonon annihilation phonon creation

Nuclear resonant
vibrational spectroscopy

Excitation of the Mössbauer nuclei with synchrotron radiation

τ = 141 ns,	  ΔE = 4.6 neV

ΔE= 0


